Graphene plasmonic nanostructures enable subwavelength confinement of electromagnetic energy from the mid-infrared down to the terahertz frequencies. By exploiting the spectrally varying light scattering phase at vicinity of the resonant frequency of the plasmonic nanostructure, it is possible to control the angle of reflection of an incoming light beam. We demonstrate, through full-wave electromagnetic simulations based on Maxwell equations, the electrical control of the angle of reflection of a mid-infrared light beam by using an aperiodic array of graphene nanoribbons, whose widths are engineered to produce a spatially varying reflection phase profile that allows for the construction of a far-field collimated beam towards a predefined direction. † These authors contributed equally * Corresponding email: tlow@umn.edu
applicable, i.e. λ ∆x, where λ is the free-space wavelength, the generalized Snell's law dictates that [25] , sin(θ t ) √ 2 − sin(θ i )
Eq. 1 implies that the reflected or transmitted beam can be effectively bent such that θ r = θ i,t if a constant spatial gradient in the scattering phase is imposed (i.e. dφ/dx = constant). Simple estimates from Eq. 1 suggest that it is possible to bend normal incident (θ i = 0) mid-infrared light far from broadside (i.e. θ r = 0). Assuming λ = 10 µm (e.g from a CO 2 laser), ∆x = 100 nm (typical ribbon width where plasmon resonance resides in the mid-infrared), one obtains ∆φ π, suggesting that it is indeed possible to induce a gradual spatial variation in φ across the interface. The scattering phase due to a graphene plasmonic resonator, and its design space, can be examined more quantitatively as follows. We consider graphene on a SiO 2 substrate and with an electrolyte superstrate, which can also serve as a top gate for inducing high doping in graphene [28] . We solve the Maxwell equations for the reflection coefficient of a p-polarized light, r p (q, ω), where graphene is modeled by its dynamic local conductivity σ(ω) obtained from the random phase approximation [29, 30] . The scattering phase φ then follows from φ(q, ω) = arg[r p (q, ω)]. The nanoribbon resonator frequency ω 0 can be estimated from the scattering coefficients for a continuous monolayer, where the in-plane wave-vector q is related to the width W of the nanoribbon via q = 3π/4W , after accounting for the anomalous reflection phase off the edges [27] :
where env = 1 2 ( 1 + 2 ). The Lorentz oscillator model provides then a simple expression for the scattering phase:
In this simple model calculation, we simply take 2 = 3.9 and 1 = 6. Assuming λ = 10 µm, Fig. 1b -c depicts φ(W, ω) for varying W , with graphene at different chemical potentials µ, and electronic lifetimes τ 0 . The phase φ changes most rapidly with W when the ribbon is at resonance. For a given ribbon plasmon resonance frequency, increasing the doping would allow for the same resonance frequency at a larger W as depicted in Fig. 1b . On the other hand, decreasing τ 0 dampens the plasmon resonance, causing a smoother variation in φ with W as shown in Fig. 1c . Eq. 3 therefore provides a simple intuitive understanding of the scattering phase of a graphene plasmonic resonator.
Device Simulation-In principle, the tunable scattering phase of a graphene plasmonic resonator allows the design of surface elements which controls the angle of reflection or transmission of an incoming beam. In this work, we consider the former i.e. a reflectarray [16] . Fig. 2a-b shows a detailed schematic of the proposed device, designed for a working frequency of 27 THz (900 cm −1 ). The graphene nanoribbons array is between an electrolyte gating superstrate of 200 nm and a 1.2 µm SiO 2 dielectric substrate with a metal layer underneath, which serves as a reflector, reflecting most of the incoming light. The full dielectric function of SiO 2 is used in the simulation [31] . For the electrolyte superstrate, we assumed a dielectric constant of 6. Hence, the effective dielectric constant of the graphene's environment, which ultimately determines its plasmonic response, is approximately 5, similar to Ref. [3] . The aperiodic array of nanoribbons has a designed inter-ribbon separation p taken to be 140 nm, and the width of each nanoribbons is to be chosen so that the spatial variation in φ r satisfies dφ r /dx = const., as discussed previously. As explained later, the final reflection phase φ r of the reflecting cell is not given simply by the response φ of the ribbon, since the contribution of the ground plane must also be taken into account. We consider a Gaussian beam illuminating the array at an incident angle 45 o with respect to the normal of the xz plane as illustrated. We use CST Microwave Studio to numerically compute the reflection coefficient and φ r for a nanoribbon of particular width. Using the Floquets theory for periodic arrays, mutual coupling between neighboring nanoribbons is accounted for. Graphene is modeled by its dynamic local conductivity σ(ω), assuming typical electronic lifetime of τ 0 = 0.1 ps. Fig. 3a shows the calculated φ r of the reflection coefficient, as a function of the chemical potential µ and width W of the nanoribbon. For a chemical potential µ = 1.0 eV, φ r varies between 0 o and −340 o by adjusting the width of the ribbons between 40 nm and 140 nm. As µ decreases, the range of φ r decreases, which approaches a constant φ r = −340 o at µ = 0.3 eV. We design the reflectarray device to perform a binary operation: consisting of producing a reflected far-field beam in the broadside direction (0 o ) and a reflected far-field beam in the specular direction (45 o ). The spatial phase profile required to achieve these reflection angles can be determined based on Eq. 1, and are shown in Fig. 3b for these two cases. For specular beam, a zero phase difference between the nanoribbons would suffice, regardless of the absolute value of that phase. Otherwise, the sequence of ribbons' widths has to be chosen such that it provides the neccessary spatial phase profile to produce a reflected far-field beam at µ = 1.0 eV. Fig. 3c . In order to produce a reflected far-field beam in the specular direction, a constant φ r is required along all the elements of the array. This can be achieved by decreasing µ to 0.3 eV as shown. In other words, the binary operation of our reflectarray device can be achieved by electrically controlling the doping µ.
In Fig. 4a and b, we compute the far-field produced by our reflectarray device, for broadside (µ = 1.0 eV) and specular radiation (µ = 0.3 eV) respectively. The possibility of bending the light beam in an aperiodic array of graphene nanoribbons is clearly demonstrated by these simulations.
Discussion-A constant phase gradient is needed for producing a collimated beam. At intermediate dopings, where the ribbon array phases are not designed with constant phase gradient, the produced far field beam can be highly distorted. The design of smooth beam steering is possible, but would require a more complicated gating scheme that addresses the doping of individual ribbons separately as typically done in microwave reflectarrays [33] and more recently also for terahertz graphene-based reflectarrays [32] . The simplicity in the reflectarray array scheme proposed in this work has the obvious appeal of providing a design much easier to be implemented experimentally.
A simple circuit model for each nanoribbon cell, as shown in Fig. 2d , is useful for better understanding of the proposed device. The substrate and superstrate can be modelled with two transmission line segments having propagation constants and characteristic impedance equal to the two media which they model. The equivalent of the ground plane is simply a short circuit, while the graphene ribbons can be represented by an equivalent Z g impedance in parallel, that models the surface currents induced in the ribbons by the tangential electric field. An approximate closed form expression for Z g can be found by modeling resonant ribbons as Lorentz oscillators as explained previously. This can be represented by a simple RLC series circuit, where R and L are simply found from the real and imaginary parts of the surface conductivity of graphene σ, while C represents the quasi-static electric fields associated with the plasmons, and can be obtained by enforcing the resonant frequency of the RLC circuit (1/ √ LC) to be equal to the ribbons resonant frequency ω 0 :
where
The final equivalent impedance of graphene nanoribbons is then,
This circuit model provides for an estimated value for the reflection phase φ r as function of W and µ. Fig. 3d shows the calculated reflection phase φ r which agrees qualitatively with the numerical simulations presented in Fig. 3a . The full wave simulations account for higher order phenomena not captured by this simple model. Importantly, while in the Lorentz oscillator the phase range is always less than π for the nanoribbons alone (i.e. Eq. 3), the presence of the substrate and of the ground plane allows here a much wider phase range, which is a key point for the device presented in our work. Our device has an average element loss of 1.32 dB for the µ = 0.3 eV configuration, and 1.77 dB for µ = 1 eV. Hence, most of the incoming light is reflected. The loss of the device is directly related to the assumed electronic lifetime τ , as evident from Eq. 4, and can be improved with better graphene quality or by using a better substrate such as boron nitride [34] .
Conclusion-In this work, we show how the reflection angle of a mid-infrared beam can be dynamically controlled by employing tunable graphene plasmons in an aperiodic array of graphene nanoribbons according to the generalized laws of reflection. The attractive feature of our device proposal, the use of a simple gating scheme, renders it more experimentally feasible and practical. Numerical Maxwell device simulations convincingly demonstrate the dynamic bending of mid-infrared beams, assuming experimentally accessible physical parameters. 
